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Integrated  Digital  Networla 
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Introduction 

TNs  final  report  on  ONR  ^nt  N0001i-82-K-0508,  on  Integrated  Digital 
Networks,  summariaea  the  work  carried  out  during  the  two  years  of  the  grant, 
September  I,  1982  through  September  1984.  It  oovers  seven  areas,  listed 
separately  under  individual  headings  in  the  section  following. 

The  basic  problem  is  that  of  transmitting  mixtires  of  traffic  of  disparate 
types  over  a  variety  of  communleation  networls.  Typical  examples  indude  the 
transmission  of  interactive  data,  long  streams  of  data  (e^.,  file  transfers),  voice, 
video,  and  facsimfle  in  an  integrated  fashion.  Network  types  indude  locd  area 
networin,  metropolitan  area  networla,  large  geograpMcally-dspersed  terrestrial 
networls,  and  satdlite  networla.  Ongdng  standards  work  in  the  CCITT,  supported 
by  tdephone  administrations  worldwide,  has  focused  on  the  oonospt  of  Integrated 
Services  Digital  Networla  (RDN)  toward  which  worldwide  tdeeommunieatlons  will 
be  moving.  Computer  mamgaotwors  with  a  igoat  deal  of  Interest  in 
oommunieationi  (IBM  is  a  prominent  example)  have  begun  to  devote  oonaideratle 
effort  as  well  to  the  oonospt  of  traffic  Inte9«tion  over  networla. 

In  keepinf  with  this  worldwide  interest  on  the  operattonal  levd,  our  group  at 
Cdisnfaia  begin  a  number  of  years  age  to  leek  into  some  of  the  bade  quastionB 
invdving  integrattoru  A  Ph.D.  dteertation  oompleted  in  1979  waa  among  the  firet 
to  earry  out  andytlod  stodiOB  In  groMona  of  Mepation  tU.  One  of  the  key 
flndngs  of  this  teertation  w«  thnt  the  eomdied  "rnovaHo  boundwif  atrolefy  for 
eomUdfig  vdoe  Modied  tmffle)  end  ddn  (gnened  tmffie)  at  a  oommon  time 
dviaion  mdtipleitof  gdrit  was  doM  to  aptfmwn.  Two  Joumd  gapan  and  a 
Conforenoe  paper  have  agpaaredfhaaad  an  tils  work.  IM] 

TMs  early  work  led  to  the  intenlve  sUdy  ef  the  area  ef  iaHagratten  to 
natwertobyaargmig.  Aewawiiyef  theaedUditfdiawe. 
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Work  was  begun  on  hybrid  miltiplexing.  THs  is  a  generalization  of  the 
earlier  dissertation  work  on  integration,  referred  to  above.  It  compares  different 
multiplexing  strategies  at  an  integrated  node  for  miltibandwidth  drcult-switehed 
and  packet-switched  traffic.  A  variety  of  access  control  strategies  for  blocked, 
queued,  and  combined  Mocked/ queued  traffic  have  been  studied,  and  restits  have 
been  obtained  for  some  novel  miitlserver  queueing  models.  This  work  has  been 
presented  at  a  number  of  Conferences,  and  a  paper  has  been  submitted  for 
puMication.  [S-8I.  A  Ph.D.  dissertation  on  this  work  was  completed  June  1984. 

Related  work  on  optimal  polides  for  swving  heterogeneous  mixes  of  circuit- 
switched  users  on  an  integrated  link  was  dso  completed  under  this  grant.  This 
work  arose  out  of  studies  of  integration  of  traffic  on  satdlite-switched  miltiple 
beam  systems.  (Further  discussion  of  work  on  satdlite  systems  appears  later  in 
this  section).  A  paper  describing  this  work  on  integration  was  presented  at  a 
conference  (91 . 

2.  Time-constrained  com mteil cations  over  local  area  networks. 


Packetized  voice  serves  as  one  notable  applieatfon  of  this  area  of 
investiption.  A  variety  of  distributed  window  oontrol  meehanisms  have  been 
anelyaad  for  their  relative  pofformanee  in  the  random  aeceas  local  area 
environment.  Most  reeently,  using  some  of  the  tools  of  miero-eeonomios  in 
studying  a  competitive  market  environment,  distributed  priority  eontrd  dtodpUnes 
have  been  studied  as  well.  A  disMrtation  on  this  work  haa  Juit  been  eompIMed. 
Two  eoflferenee  pepoia  based  on  thia  work  have  bean  preaanted,  and  a  Journal  paper 


has  been  puHiahadUMtl 


3.  Routing  of  voloe  and  data  in  tntwtad  networla. 

Studies  have  been  initiated  of  noi>>hierarehieal  routing  in  drcuit-switched 
networla,  using  an  average  end-to-end  btoddng  {rofaability  constraint.  The  area  of 
non-hierarcMeal  routing  in  dreuit-switehed  networks  is  a  comparativdy  new  one, 
most  routing  in  the  current  tdephone  plant  being  carried  out  on  a  hierarchical 
basis.  We  have  studied  both  centralized  and  deeantralized  methods  of  carrying  out 
non-MerarcMcal  routing,  and  have,  moat  recently,  compared  non-Herarehieal 
routing  to  alternate  path  routing,  a  common  procedure  in  telephone  dredt- 
switched  routing.  Ov  findinflp  indoate  that  alternate  path  routing  perfonns  better 
for  lightly-loaded  networla,  whfle  non-MeraroMeal  routing  provides  better 
performance  at  higher  loa<h.  This  leads  to  the  Interesting  possitaUity  of  uring 
adaptive  routing  control,  and  a  number  of  control  mechanisms  have  been  compared. 
A  Ph.D.  dissertation  in  tWs  area  is  almost  completed. 

4.  Intetarated  Services  Satellite  Coro mwleatlons 

Three  projects  were  completed  in  this  area.  The  first  ooncorned  systems  in 
wMch  broadcast  satellites  are  wed  for  imegrated  packet  and  dredt  switoMigrin  a 
time  dviaion  mdtiplz  access  (TDMA)  mode,  isith  time  dot  asdgnments  made  on  a 
combined  fined  and  demand  basis.  The  objeetiee  was  to  dseipi  a  protocol  wMeh 
gives  the  best  delajr’Ww-throughput  performance  for  paebets,  subject  to  aoeepuble 
dredt  blocking  probability.  Udng  a  Markovian  modal  of  the  system  Its  behavior 
was  analysed  to  obtain  complete  information  on  paeket  (May  atatistlas.  A  eontrol 
scheme  was  proposed  to  aehieve  optinMl  parformanee,  where  the  optimality 
criterion  waa  based  on  the  mean  and  varianea  of  paekat  dday.  The  researdi  has 
been  admitted  for  publioation  and  la  fiw  std|aeft  of  a  raoant  doctoral  daaartalion 
113-161. 

The  ramdiiag  two  projects  dealt  wltli  aatMUta-enitahad  mdtiilc  btm 
sjatama.  In  ana  of  them,  wa  afda  atadM  prate  ad  dadpi  and  parfarmanaa 
eaalaatioa  for  latapctcd  olraiit  Md  paakat  awHafiadipliwMikM  tha  praMam  was 
oofiddsraiay  maia  ooiaflM  in  view  of  tha  acMlIaaiaddi  piallaaw  tavolvad  la 
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sehedidinK  the  satdlite  switch.  Performance  was  studied  by  implementing  a 
generalized  simulator  of  the  onboard  schedtiing  and  switching  operations. 
Software  design  ot  the  simUator  was  a  significant  task  in  itsdf  due  to  the 
eomplenty  of  the  system  being  simulated.  Because  of  the  very  large 
computational  burden  involved,  the  simulation  was  implemented  on  a  Cray 
computer  made  available  to  is  by  Bell  Laboratories.  Several  scheduling  strategies 
were  evaluated  in  terms  of  dreuit  blocking  and  packet  queueing  delay.  Results 
were  reported  in  a  recent  conference  paper  D7l ,  and  a  doctoral  dissertation  on  tMs 
topic  has  jiBt  been  completed.  (181 

In  another  miltibeam  satdlite  project  we  studied  the  problem  of  optimally 
scheduling  dreuit  and  packet  transmissions  in  systems  with  channelized  beams  of 
different  bandwidlhs  and  systems  with  interference  between  adjacent  beams.  In 
most  eases  the  scheduling  problems  were  shown  to  be  NP-eomplete.  Several 
subotimal  schedtding  algorithms  were  proposed,  whose  effectiveness  was 
demonstrated  by  comparison  with  theoretieal  performance  bounds  as  wdl  as  by 
experiments  with  randomly  generated  traffic  patterns.  Several  publieations  and  a 
doctoral  thesis  res  died  from  this  work.  [19-211 

5.  Packet  Vclee 

In  desigiing  and  evaluating  pachst  voice  systems  it  is  necessary  to  be  able  to 
predet  the  statisties  of  packet  dday  and  posdbly  pwket  loss  in  order  to  determine 
whether  the  voles  ai^ial  can  bs  reeonstmoted  at  the  desUnatton  with  aooeptable 
diality.  This  has  been  the  obfeetive  of  our  paeket  voice  research.  A  new  type  of 
queueing  model  in  the  form  of  an  "extendedf  (X/tyi  tpieusing  system  was  developed 
to  acetrately  capture  the  atatiaticd  behavior  of  the  paeket  voice  proceas.  The 
model  is  both  afMfytlestly  and  esmpstidiaaattjr  tractable,  and  prevIdM  the 
foundation  for  obtaiaing  both  Indglit  and  datcled  lafamatiOB  oa  syatani  behavior. 
Through  Malyais  of  the  medal  am  vnars  mta  to  dmanaiaa  aRprasmani  far  paeket 
dday  datfItaMioei  aad  pathat  lam  prsbaMiim.  Tkma  anallad  sa  la  pradiat  the 
perfermaaea  ef  a  gaaarat  paahat  valaa  eymam  gvaa  ila  lama  parmaatam.  tha 
raamta  art  parttatlarty  maf il  far  ayaiama  af  ”mt*mf  itm  tea  Imfa  far  tha 


application  of  brute  force  numerical  techniques,  but  too  small  to  rely  on  simple 
nud  or  affurion  approximatiotB.  This  work  has  been  reported  in  two  conference 
papers  (22,  23]  and  is  the  subject  of  a  doctoral  dsaertation  that  was  completed 
September  1984. 


6.  Decentrallaed  Optima  Plow  Control 


Otr  recent  work  on  optimal  flow  control  in  computer  communication 
networto  has  been  focused  on  the  centraliaed  control  of  a  single  class  of  users. 
The  centralized  optimal  flow  control  for  Jacksonian  networls  has  been  shown  to  be 
an  isarythmic  type  control  (271 ,  (301 ,  [34],  (351 .  Although  small  networks  can  be 
controlled  in  such  a  manner,  the  centralized  approach  is  inefficient  due  to  the 
large  overhead  required  for  obtaining  the  necessary  information  at  the  central 
controller.  It  is  deariy  desirable,  therefore,  to  implement  flow  control  procedures 
that  are  decentralized  in  natwe.  In  this  environment,  users  are  able  to  execute 
Row  control  procedures  based  on  local  information  only. 

In  o<r  fint  modd  (291,  (311  the  recdving  node  of  a  given  data  link  was 
f  aastsned  to  accept  two  daases  of  users.  The  first  daas  modds  the  packet  flow 

from  a  given  sowce  to  daatlnation.  These  packets  are  stibjeet  to  flow  oontrd.  Hie 
second  daas  modds  the  interfering  traffic  due  to  the  edstfng  resotrce  sharing 
with  the  traffic  load  emanating  from  the  other  nodes  of  the  network.  The  latter 
traffic,  modded  as  a  continuouB  Pdssodan  flow  of  a  fixed  rate,  is  not  dlrecUy 
observable.  Optimd  oontrd  strategiaB  for  the  data  link  flow  oontrd  protocd  were 
obtdned  that  maxinrise  the  told  average  throughput  subject  to  a  bounded  total 
average  time  ddagr  criterion  from  both  the  network  and  the  user  point  of  view. 

I  These  strategiai  use  pertid  obsarvatfom  oity  the  number  of  the  first  daas  ot 

paekets  Is  avdlaMe  for  oontroOinf  the  dMa  link.  Under  both  optimimitlon  orltmla, 
the  rasdtfng  opUmd  oontrd  was  shown  to  bo  a  window  How  oontrd  moohadsm 
dMMt'bang  oontrd).  The  window  die  L  le  a  funetlen  of  tho  madman  tdandad 


time  delay  T,  the  input  capacity  c,  the  ser'^oe  rate  u  and  the  interfering  flow  d.  It 
was  shown  that  the  optimal  window  size  under  the  network  criterion  is  sn  aller  than 
or  equal  to  the  optimal  window  size  under  the  user  criterion. 


The  decentralized  optimal  flow  eontr<d  of  a  bottleneck  in  computer 
communication  networks  was  considered  in  [381.  Two  user  claaaes  share  a  high 
utilization  link  (the  bottleneck)  with  a  PCPS  discipline.  Bach  user  controls  its  own 
flow  using  local  information  only.  The  optimtf  decentralized  flow  oontr<4  wNch 
attains  the  global  objective  of  maxfmiring  the  average  throughput  subject  to  a 
bound  on  the  average  time  delay  over  Oil  user  classes  was  investigated.  Under  this 
criterion,  the  optimal  decentralized  flow  control  at  a  bottleneck  is  a  pair  of 
window-type  mechanisms.  The  optimal  window  sizas  depend  on  the  maximum 
packet  generation  rate  of  the  two  users,  q  and  02,  the  service  rate  u,  and  the 
maximisn  tolerable  average  time  T. 

7.  Optimal  Plow  Contra  of  Integrated  Digital  Networks 

The  modeling  of  Integrated  Digital  Networks  for  optimal  flow  control  is 
based  on  the  proposed  implementation  of  a  packet  switched  digitd  overlay  on  the 
existing  telephone  network  (321.  The  model  consists  of  a  network  ot 
interconnected  queues  with  two  elMses  of  customers  (voice  and  data)  having 
different  priority  dbciplines  and  eiwtomer  dependent  routing.  The  voice  traffie  is 
circuit  switched  and  the  data  traffie  is  paefcet  switched.  The  voice  traffie  is 
preemptive  over  the  data  traffic  at  the  queuefng  nodes.  Since  it  has  preemptive 
priority,  the  flow  of  dass  1  customers  (voice  tmffie)  acMevee  tiia  equQltriunn 
state.  Consequendy,  data  packets  arc  transmitted  through  a  queoainc  network 
with  random  service  rates  dink  cepaddes).  Ttsw,  the  data  traffie  (dsM  2 
customers)  cannot  achieve  in  general  the  equOitirium  state. 

The  problem  of  dtta  link  flow  contrd  can  be  medded  as  the  contrd  of  a 
queudng  sydam  with  random  dapartura  rata.  Tfda  rote  Is  gevamed  by  the  vdee 
traffie  statisdai  in  the  sjatam.  The  birth  rota  it  ahoaaw  from  the  aoavax  sat  of 
admisdUa  eontreU.  Tha  general  dynamla  flaw  aentrel  praMam  far  sirolagea  with 


partial  and  with  complete  observations  was  established  (321.  The  optimality 
criterion  employed  maximizes  the  average  throughput  subject  to  a  system  time 
delay  constraint  [24] ,  [25] ,  [26] .  It  was  shown  that  the  optimal  flow  contrd  policy 
in  the  complete  observation  ease  is  an  adaptive  window  (low  control  mechanism 
[28] ,  [32] .  The  window  size  L  is  a  fmetion  of  the  maximum  Urierated  system  time 
dday  T,  the  frame  duration  %  the  maximum  data  offered  load  c  and  the  number  of 
packets  in  the  system  at  the  beginning  of  the  frame. 

The  design  of  the  optimal  data  link  flow  control  protocol  with  partially 
observed  voice  traffic  was  investigsted  [36].  The  mo(M  employed  consists  of  a 
source  node  that  controls  a  queudng  s^em  with  random  server.  The  eontrdler 
has  only  incomplete  knowledge  about  the  state  of  the  server.  A  recursive  optimal 
m.m.s.e.  filter  was  designed  to  estimate  the  state  of  the  voice  traffic  load  to  the 
contrdler.  An  adaptive  window  flow  contrd  mechanism  with  a  window  size  chosen 
according  to  the  estimated  voice  traffic  load  was  implemented  to  control  the  flow 
of  the  data  packets.  Therefore,  the  optimal  flow  control  with  partial  observation 
has  been  reduced  to  a  (low  control  strategy  with  complete  ofaservationa. 

The  dass  of  control  algorithms  imrestlgsted  in  [37]  regulataa  the  data  flow 
between  sending  and  receiving  user  equipment  and  network  interface  units  of  an 
integrated  local  area  network.  The  performance  of  the  optimd  flow  oontd 
mechanisms  is,  in  general,  protoed  dependent.  In  [37]  a  TDM  type  aecaas  protocol 
with  movable  boundary  was  eonsidered.  The  eapadty  allocated  to  data  traffic  at 
each  station  is  dynamicaDy  changing  and  depend  on  the  ongoing  traffic  of  the 
other  stations.  It  was  shown  that  the  optimd  polloe  is  a  verlaUe  window  control 
wNeh  adapts  dynamically  to  ehengea  of  the  Integnded  traffle  load  from  the  other 
users  accessing  the  network. 

Fwdamental  Iniuw  In  MdUdi  Marhwian  OnaualBg  Wetfsorin 

MiltIdaaB  Marhovlan  quandnf  netararla  medd  aampter  cemmuaieatlen 
network  protoeals  in  wMeh  pnefeeta  are  pnrtitiened  into  dtoMs.  Wimn  the  aame 
daei,  paeketa  have  the  aame  quendng  dMtaflnt,  aorvtoe  time  datribnlion  end 


routinj;  assignment.  These  networla  have  also  been  used  to  model  midti-tasldng  in 
computer  systems.  The  determination  of  the  equilibrium  probabilities  for 
muttidass  Markovian  queueing  networlo  requires  the  solution  of  a  set  linear 
equations  known  as  the  global  balance  equations.  Unless  these  probabilities  have  a 
"product  form",  the  solution  to  the  set  of  balance  equations  is  computationally 
unfeasible. 

Our  study  of  simple  queueing  systems  consisting  of  one  or  two  queues 
revealed  that  the  topdogical  structure  of  the  state  transition  diagram  is  intimatdy 
connected  with  the  product  form  of  the  equilibrium  probabilities.  Consequently,  a 
geometric  interpretation  of  the  state  transition  diagram  and  its  aasodated  global 
balance  equations  in  higher  dimensions  was  pursued.  The  state  transition  diagram 
of  an  arbitrary  Markovian  queueing  network  can  be  decomposed  into  certain  basic 
geometric  shapes  (building  blocls).  Taking  these  blocks  in  isolation  a  set  of  simple 
global  balance  equations  can  be  written.  These  equations  represent,  for  the 
original  system,  a  possible  set  of  partial  balance  equations.  Ceometrically,  the 
original  state  transition  diagram  can  be  reconstructed  by  pasting  the  building 
blocks  together.  Algebraically,  this  procedure  corresponds  to  a  summation  of  the 
partial  balance  equations  resiiting  in  the  set  of  global  balance  equations.  There  is 
no  guarantee,  however,  that  by  fallowing  the  approach  ddineated  above  the  partial 
balance  equations  are  consistent,  i.e.,  have  a  solution.  Necessary  and  suffident 
condition  for  consistency  were  given  in  (41]. 

a 

An  extension  of  the  resilts  of  (411  eoncorning  the  existence  of  product  form 
equilibrium  prohabtlities  for  miitidass  Markovim  queueing  networks  wss  given  in 
(391,  (401.  It  was  shown  that  the  geometric  replioation  (41]  of  k-oells  can  be 
applied  to  the  doas  of  networla  oondsting  of  queudng  systems  that  do  not  make  a 
distinction  between  the  enet  ordering  of  the  peokets  at  the  nodes  of  the  queueing 
network.  These  are  the  type  I  networla.  99  and  IS  queudng  systems  are  typical 
exampleB  of  type  I  networla.  For  the  d«e  of  networla  studied  by  Kelly  and  BCMP 
for  wMoh  a  distinotion  between  the  paofcet  ordminp  is  made  at  a  queudng  node  a 
natwal  extendon  of  the  methods  of  [€]  was  dedeed.  These  form  the  type  n 
networhk  A  queudng  system  alth  e  LCfSPK  queudng  dtodpdne  is  an  example  of  * 


I 


a  type  H  network.  The  bMic  building  bloels  (cells)  for  this  case  were  derived.  All 
networks  studied  are  etwraeterized  by  blocking,  different  queueing  and  service 
time  cfsctplines  and  state  dependent  routing. 
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